An isothermal transformation was observed when a fully austenitized lean-alloyed, low C steel was quenched to a temperature in the M S to M f temperature range and held at the quenching temperature. The dilatometric analysis revealed that the isothermal transformation was distinct from the bainitic transformation. Internal friction (IF) measurements and X-ray diffraction (XRD) analysis showed that the dislocation density in the isothermal transformation product was larger than in lower bainite, and lower than in athermal martensite. Microstructural analysis by transmission electron microscopy (TEM) revealed that the isothermal transformation product had a specific microstructure consisting of large lath-type constituent units with wavy boundaries, with a Nishiyama-Wassermann orientation relationship (NW OR) with respect to the parent austenite. The isothermal transformation below M S proceeds by the thickening of athermally formed laths.
I. INTRODUCTION
THE martensitic transformation in low C steel is generally considered to be a time-independent athermal process, which begins at the martensite start (M s ) temperature and proceeds to completion upon further cooling to the martensite finish (M f ) temperature. A time-dependent isothermal transformation in leanalloyed, low C steels, however, was observed when the quenching was interrupted in the M s to M f temperature range. [1, 2] The nature of the isothermal transformation below the M s temperature can, in principle, be (1) the continuation of the athermal martensitic transformation, (2) the initiation of the lower bainitic transformation below the M s temperature, or (3) the isothermal martensitic transformation below the M s temperature.
The continuation of the stress-induced or straininduced martensitic transformation is possible, because the energy barrier for the successive transformation of the nuclei could be provided by the stress or strain generated in the volume of the already transformed martensite.
Van Bohemen et al. [3] reported the isothermal transformation below the M s temperature in an Fe-0.66C-0.69Mn alloy. They concluded that the isothermal transformation below the M s temperature is bainitic in nature, because (1) the kinetics and microstructure of the transformation product were similar to the bainite formed above the M s temperature and (2) no isothermal martensitic transformation below the M s temperature was reported in hypo-eutectoid steel. However, they did not explain the relatively low activation energy of 43.6 kJ/mol of the isothermal transformation. In addition, they did not consider the fact that the kinetic exponent n in the Johnson-Mehl-Avrami-Kolmogorov (JMAK) equation is not necessarily a constant.
An isothermal ''martensitic'' transformation below the M s temperature was reported for alloyed steel. [4] [5] [6] [7] The isothermal transformation, however, was generally observed in high Ni-Mn alloyed or hyper-eutectoid steel. In such alloy systems, the isothermal transformation can be observed in the subzero temperature range in the absence of prior athermal martensite. In contrast, the formation of some volume fraction of athermal martensite cannot be avoided in lean-alloyed, low C steel. A detailed microstructural analysis, therefore, is essential to clarify the nature of the isothermal transformation below the M s temperature in lean-alloyed, low C steel. In the present work, the morphology and the crystallographic features of athermal martensite, the isothermal transformation product, and lower bainite were analyzed and compared.
Kurdjumov and Sachs [8] proposed an orientation relationship (OR) between the parent austenite and the product martensite based on experimental observations, The Nishiyama-Wassermann lattice relation, [9] [10] is common to both the Kurdjumov-Sachs orientation relationship (KS OR) and the Nishiyama-Wassermann orientation relationship (NW OR).
The relation between the Bain correspondence, the KS OR, and the NW OR is shown in Figure 1 (b). Three NW variants are related to the three Bain variants via the three h112ic-type shear directions on the (111)c plane. The three NW variants are rotated with respect to each other by 60 deg around the [111]c // [011]a¢ axis. Six KS variants are generated from the three Bain variants via the three primary h112ic-type shear directions and the two additional shears for each primary shear direction. The KS variants can be paired in three groups of twin-related variants; KS1-KS2, KS3-KS4, and KS5-KS6. All KS variants can be generated by rotating the appropriate NW variant by 5.26 deg. For example, the KS1 and KS4 variants are generated by a 5.26 deg rotation of the NW1 variant in the counterclockwise and clockwise directions, respectively. The KS variants, therefore, can also be paired in groups of variants making a 10.52 deg rotation angle with each other: KS1-KS4, KS2-KS5, and KS3-KS6. By applying the same relations to the other three {111}c planes, (À111)c, (1À11)c, and (11À1)c, a total of 12 NW variants and 24 KS variants are generated. In the present work, the crystallographic characteristics of athermal martensite, the isothermal product, and lower bainite were compared using an approach based on these ORs.
Athermal martensite, the isothermal product, and lower bainite are formed in a displacive manner, which results in a high dislocation density both in the parent austenite and the product phase. In the case of athermal martensite, the dislocations are expected to be mostly free of the C atom atmospheres, because C atoms are present as interstitial solutes in the supersaturated ferrite. In contrast, the dislocation structure is expected to undergo some recovery during the isothermal transformation below the M s temperature and the bainitic transformation due to the higher transformation temperatures. The solute C atoms are likely to form Cottrell atmospheres at dislocation cores in the bainite or diffuse out of the bainitic laths to the untransformed austenite during the bainitic transformation. As a result, each transformation product will have a unique mechanical relaxation spectrum corresponding to each specific solute C-dislocation configuration. Internal friction (IF) analysis is an effective technique to analyze different configurations of point defects and line defect interactions. [11] [12] [13] [14] This is illustrated in Figure 2 , which is an example of the IF spectrum for athermal martensite.
The IF spectrum consists of four Debye peaks: P2, P3, P4, and P5. Peak P1, the hydrogen Snoek-Ko¨ster (S-K) peak, was not observed in the present work, because the peak temperature is below 200 K (-73°C). Peak P2 is due to the thermally activated relaxation of edge dislocations. [12] Peak P3 is due to the well-known Snoek relaxation produced by the time-dependent stressinduced redistribution of solute interstitial C atoms residing in octahedral positions in the body-centeredcubic lattice of ferrite. [15] Magalas et al. [16] reported the presence of a dislocation-enhanced Snoek (DES) peak in deformed plain C steel. They reported that the normal Snoek peak amplitude was substantially increased by deformation at room temperature and concluded that the Snoek peak amplitude was enhanced by the presence of fresh dislocations. [17] The dislocation enhancement of the Snoek peak was also reported for Ta-O and Nb-O alloys [18] and high-alloyed steel. [19] The DES relaxation is related to the movement of the thermally activated edge dislocations dragging solute C atoms along with them. In the case of athermal martensite, the peak P3 is a combination of a normal Snoek peak and a DES peak. [20] Although the relaxation mechanism for peak P4 was related to the dragging of C atoms by moving twin boundaries or the stress-induced movement of coherent interfaces between e-carbide and matrix, [21, 22] it is more reasonable to assume that peak P4 is the Bordoni c peak. [23] [24] [25] This peak is due to the thermally activated double kink formation on screw dislocations.
The main peak in the IF spectrum of athermal martensite is peak P5. The amplitude of this peak is considerably higher than for the other peaks in the IF spectrum. The peak has its maximum at 606 K (333°C) and this peak temperature coincides with the published data for the S-K relaxation mechanism of a kink pair formation on screw dislocations in the presence of C atoms. [12, 17, [26] [27] [28] [29] [30] [31] [32] The S-K relaxation is related to the dragging of the solute C atoms by kinks on the screw dislocations. Seeger [33, 34] proposed the kink-pair formation model to describe the S-K relaxation mechanism. The main concept of the Seeger model is the geometrical kink pair formation on a screw dislocation and the migration of the kink pair along the dislocation, which is impeded by the dragging of interstitial solutes. The bound interstitial solutes diffuse along the kinks on the screw dislocation during the moment of the kinks with an activation enthalpy of 2H K + H D , where H K is the activation enthalpy for kink formation on a dislocation (0.4 eV) and H D is the activation enthalpy for the matrix diffusion of the interstitial solutes (0.7 eV). In the present work, two Debye peaks, the DES peak P3 and S-K peak P5, were used to analyze and compare the characteristics of the three transformation products.
II. EXPERIMENTAL PROCEDURES
A 0.2 pct C-1.5 pct Mn-1.5 pct Si (in mass pct) steel was used to identify the nature of the isothermal transformation below the M s temperature. This alloy was hot-rolled and then cold-rolled after a homogenization treatment at 1473 K (1200°C) for 10 hours. A Baehr DIL 805 A/D dilatometer (Baehr-Thermoanalyse GmbH, Hu¨llhorst, Germany) was used for the dilatometric study of the isothermal transformation. The equipment was also used to obtain specimens of the three transformation products required for the microstructural analysis. Plate-type specimens with 5-mm width, 10-mm length, and 1-mm thickness were cut from the cold-rolled sheets. The specimens were austenitized at 1223 K (950°C) for 300 seconds and then quenched to a temperature between 823 K and 623 K (550°C and 350°C) at a cooling rate of -150 K/s. In the case of the isothermal transformation product below the M s temperature, the fully austenitized specimen was quenched to the M 10 temperature of 663 K (390°C) in the present work and held for 60 seconds. The M 10 temperature is the quenching temperature at which a microstructure with 10 vol pct of athermal martensite is obtained. Athermal martensite was formed by direct quenching to room temperature after full austenitization. Lower bainite was formed by isothermal holding at 723 K (450°C) for 60 seconds after full austenitization. The specimens for the EBSD analysis were mirror polished using 0.05-lm colloidal silica after mechanical grinding. The polished specimens were etched by the 3 vol pct Nital for observation in a Zeiss ULTRA 55 field-emission gun scanning electron microscope (FEG-SEM). Disk-type specimens (Carl Zeiss Microscopy GmbH, Oberkochen, Germany), 3 mm in diameter, were prepared and electropolished for 40 seconds at room temperature using a solution of 90 vol pct acetic acid and 10 vol pct perchloric acid for microstructural analysis in a JEOL*-2100F FEGtransmission electron microscope. Larger specimens, 25 mm in width, 80 mm in length, and 1 mm in thickness, were prepared and heat treated in salt baths to obtain athermal martensite, the isothermal product, and lower bainite microstructures for the IF measurements. These were carried out in an IMCE LTVP800 damping analyzer (IMCE NV, Genk, Belgium) using impulse excitation in the flexural vibration mode at a resonant frequency of approximately 1000 Hz. A Bruker D8 advanced X-ray diffraction (XRD) apparatus, equipped with a monochromatic Cu K a1 radiation (k = 0.15406 nm) source, was used for the XRD analysis. A characteristic acceleration of the lower bainite transformation, the ''Swing-back'' phenomenon, can be observed in the temperature range between M s and 50 K (50°C) above M s . This Swing-back phenomenon was first reported by Radcliffe and Rollason. [35] Later, Oka and Okamoto [36, 37] examined the transformation kinetics and the morphologies of the transformation product formed in the Swing-back temperature range and concluded that the isothermal transformation above M s was accelerated by the formation of thin plate isothermal martensite. *JEOL is a trademark of Japan Electron Optics Ltd., Tokyo.
III. RESULTS

A. Dilatometry
The difference in the transformation kinetics between the lower bainitic transformation and the isothermal transformation product was compared by fitting the data to the JMAK equation:
where f a 0 is the fraction of the isothermal transformation product and t is the time in seconds. The kinetic exponent n is related to the dimension of the constituent unit. The term k is a fitting parameter related to the activation energy of the thermally activated process, which controls the transformation kinetics:
where Q is the activation energy, R is the gas constant, and T is the transformation temperature in Kelvin. Figure 4 (a) shows the value of the k parameter as a function of 1/T. In the bainitic transformation temperature range, k is in the range of -2.0 to -1.8. The k parameter increases as the temperature approaches the M s temperature. The value of the k parameter below the M s temperature is higher than that in the bainitic transformation temperature range. The activation energy of the isothermal transformation below the M s temperature was 44.95 kJ/mol, which is significantly lower than the value of 73.81 kJ/mol obtained for lower bainite. The difference in the activation energy is a second indication that the isothermal transformation below M s is different from the lower bainitic transformation.
Figure 4(b) shows the temperature dependence of the exponent n. The value of the exponent n was close to 1.0 in the bainitic transformation temperature range. It decreased and remained near 0.6 below the M s temperature. A value of 1.0 for the exponent n indicates that the transformation proceeds by formation of the needlelike or platelike units of finite dimension during the austenite decomposition. [38] In the case of the isothermal transformation below M s , the exponent n was close to 0.5, which indicates that the transformation kinetics are controlled by the thickening of platelike units after an early impingement stage. The temperature dependencies of the parameters k and n are also clear indications that the isothermal transformation below M s is not a continuation of the lower bainitic transformation.
B. Electron Microscopy
The difference in the morphology of the three transformation products was analyzed by electron microscopy in a FEG-SEM. Figure 5 shows lowmagnification SEM micrographs of (a) lower bainite, (b) the isothermal product, and (c) athermal martensite. The prior austenite grain boundaries (PAGBs) in the three transformation products are indicated by white solid lines and the packet boundaries (PBs) are indicated by white dashed lines. Transformation temperature dependence of the kinetic exponent n. The value of the k parameters below the M s temperature is higher than in the bainitic transformation temperature range. The value of the exponent n for the isothermal transformation below M S indicates that a thickening of plate-type units is the dominant transformation mechanism. The n value for the bainitic transformation is consistent with the formation of needlelike units.
The three transformation products have similar morphologies with the packet-block structure characteristic of displacive transformations in low C steel. The density of blocks is the highest in athermal martensite. The blocks in lower bainite are shorter and less aligned. Clear microstructural differences could only be observed at higher magnifications, as shown in Figure 6 .
No carbide was observed in lower bainite. Instead, two different types of the retained austenite were present: filmtype retained austenite and block-type retained austenite, as indicated in Figure 6 (a). Figure 6 (c) illustrates the typical morphology of the blocks in athermal martensite.
Thin film-type retained austenite was present between the constituent units, and multivariant carbides were observed inside the units. The block structure in the isothermal product in Figure 6 (b) was similar to that in athermal martensite with thin film-type retained austenite between constituent units and the multivariant carbides. The absence of carbides in lower bainite is attributed to the addition of 1.5 mass pct Si, which is known to suppress carbide formation during austempering. In the case of athermal martensite or the isothermal product, the carbides are formed by autotempering. The carbide precipitation is effectively suppressed by Si during the formation of the athermal martensitic laths and isothermal transformation product units. The constituent units formed in the earlier stage of the transformation, however, are held in the temperature range for carbide precipitation. The presence of the multivariant carbide implies that the isothermal transformation below M s has definite similarities with athermal martensite.
The crystallographic features of the three transformation products were examined with the electron backscattered diffraction (EBSD) method to analyze whether this similarity would also extend to crystallographic aspects of the transformation. In Figure 7(a) , the inverse pole figure (IPF) maps of a single parent austenite grain in the three transformations are compared. Figure 7 
square, triangle, and cross represent the {001}a poles of the NW OR. Using the {001}a PF map, units with three NW variants parallel on one of the {111}c planes were found to form a packet. The prior austenite grain was partitioned in packets of units sharing a common parent {111}c plane, as shown in Figure 7 (a). The comparison of the packet structure in athermal martensite, the isothermal product, and lower bainite was carried out to confirm the NW OR and measure the characteristic 60 deg misorientation angles between the NW variants.
The OR between the parent austenite and the product phase can also be done by comparison of the high index 4974-VOLUME 43A, DECEMBER 2012{139}a PF maps, which are more effective than the low index PF maps in revealing differences in ORs in the absence of retained austenite. [39] [40] [41] [42] Calculated low index (001)a and high index (139)a PF maps, obtained with data provided by Morito et al., [41, 42] were compared to the experimental PF maps of athermal martensite, the isothermal product, and lower bainite. Figure 8 (a) shows the calculated {001}a and {139}a PF maps for the KS and NW ORs. The experimental {001}a and {139}a PF maps of athermal martensite, the isothermal product, and lower bainite are shown for comparison in Figure 8(b) . The PF maps of the three transformation products clearly indicate that all three transformation products follow the NW OR between the parent austenite and the three transformation products.
The misorientation angle distributions for the three transformation products are shown in Figure 9 .
An example of boundary angular distribution between units in a packet of athermal martensite is shown in Figure 10 . The boundaries are highlighted according to the misorientation angles. The boundaries with misorientation angles of 60 and 55 deg are present between two large laths. The boundaries with the misorientation angle of 30 deg are observed exclusively around small areas embedded in a large lath. The h111ia and h110ia axes were identified as the rotation axes for the misorientation angle of 60 deg. The h110ia axis was the rotation axis for the 55 deg misorientation angle boundaries. The h111ia axis was the rotation axis for the 30 deg misorientation angle boundaries. The same results were obtained in the selected areas in the isothermal product and lower bainite, with the difference that no 30 deg boundaries were present between units in the isothermal product.
In Figure 11 , the origin of the 60 deg misorientation angle is illustrated. Figures 11(a) through (c) show the three orientations for the NW variants obtained by the EBSD, for the cubic unit cell with {100}a planes. The rhombic dodecahedron of {110}a planes in Figure 11 (d) corresponds to the same NW1 variant orientation of Figure 11 (a). The rotation of the rhombic dodecahedron in Figure 11(d) by 60 deg about the indicated h111ia axis generates the NW2 variant orientation, as shown in Figure 11(e) . Likewise, the NW3 variant in Figure 11 (e) is generated by a rotation of 60 deg about the indicated h110ia axis.
The origin of the 55 deg misorientation angle around a h110ia rotation axis can easily be illustrated by means of the rhombic dodecahedron of {110}a planes shown in Figure 12 . When the NW2 variant is rotated by 54.74 deg around the h110ia axis, the plane normal of their common {110}a plane, the NW3 variant orientation is obtained. Both misorientation angle/axis pairs (the 60 deg rotation about h110ia or h111ia and the 55 deg rotation about h110ia), therefore, are consistent with the presence, within a packet, of three NW variants sharing the same original {111}c plane. Figure 13 .
The 30 deg boundaries were only observed in the small islands within larger laths. Such small areas were very likely formed in the last stages of the transformation. The small areas, therefore, may not be able to follow the exact NW OR, because the hard surrounding phases restrict the volume expansion accompanying the displacive transformation. Instead, the small areas are formed by following an intermediate OR, which has 30 deg at h110ia misorientation angle/axis pairs with respect to the surrounding NW variants. The possibility of an OR with a 30 deg misorientation angle was proposed by Kobayashi et al., [43] Gotoh and Uwaha, [44] and Gotoh and Fukuda [45] based on a minimal interfacial energy calculation.
C. Transmission Electron Microscopy
A significant difference between the morphologies of athermal martensite, the isothermal product, and lower bainite was revealed by TEM analysis. Figure 14 shows TEM micrographs of the three transformation products. The PAGBs are indicated by the solid white lines, and the PBs are indicated by the dashed white lines.
The laths in lower bainite in Figure 14 (a) are approximately 0.2-to 0.5-lm wide, and the lath boundaries are straight. The laths are short and they clearly did not grow across the parent austenite grain after nucleation. The shorter laths were successively accumulated in the longitudinal and lateral directions. The smallest constituent units, i.e., the laths in the packets of athermal martensite, can be seen clearly to have grown across the parent austenite, as shown in Figure 14(c) . The lath boundaries are straight and the width of the laths is generally in the range of 0.2 to 0.5 lm.
The constituent units of the isothermal product, however, have characteristic morphologies that distinguish them from the units in athermal martensite. The laths in the athermal martensite packet and in the isothermally transformed packet are shown in Figure 14(b) . The constituent units in the isothermal product have grown across the parent austenite in the same manner as the units of athermal martensite. The isothermally formed units, however, are much wider than the laths in athermal martensite. The width of the large laths in the isothermal product is generally in the range of 1 to 2 lm. In addition, the boundaries of these wide isothermally formed laths are not straight. Instead, the boundaries are wavy and they contain ledges. Figure 15 compares the morphologies of the laths in the three transformation products viewed at the same magnification. The difference in the width and boundary morphology of the laths in the three transformation products is significant. Retained austenite, indicated by the white arrows in the micrographs, was film type in athermal martensite. The thickness of the retained austenite was in the range of 20 to 100 nm. In the case of the isothermal product, film-type retained austenite was present between large laths. The thickness of the films was in the range of 100 to 200 nm. The thicker film-type retained austenite in the isothermal product was generally present along the entire length of the laths. The thinner film-type retained austenite regions in athermal martensite were also shorter. In the case of lower bainite, the thick film-type retained austenite was observed.
The presence of the carbide in athermal martensite and the isothermal product were confirmed in the TEM observations, as shown in Figure 16(a) . The multivariant carbides in athermal martensite and the isothermal product were generally observed in the larger laths, which were formed in the early stages of the transformation. Figure 16(b) illustrates the analysis of the selected-area diffraction pattern (SADP) in athermal martensite. It shows that the multivariant carbide was cementite and that it satisfied the Bagaryatski OR, (001)h // (211)a and h100ih // h0À11ia, with respect to the matrix ferrite. Similar multivariant platelike cementite was also observed in the isothermally transformed product, and the diffraction pattern analysis revealed that the Bagaryatski OR was also satisfied in this case. No cementite was observed in lower bainite. Figure 17(a) shows micrographs of the dislocation structures in the three transformation products. The dislocation density was high in the three microstructures. In athermal martensite and the isothermal product, two types of dislocations were observed: forest dislocations forming dislocation tangles and long dislocation segments of deformation dislocations. The more regular array of the straight dislocations, parallel to h111ia directions, consists of screw dislocations introduced to accommodate lattice change between the parent austenite and the product phase. In the case of lower bainite, only irregular deformation dislocations were observed by TEM. Regular arrays of the transformation dislocations were rarely found in lower bainite.
The Burgers vectors of dislocations were determined using the well-known extinction criterion, g AE b = 0. In Figure 17 (b), the array of parallel dislocations is out of contrast for the selected two-beam condition. This indicates that the parallel dislocations have the same Burgers vector. The line direction of the dislocations is also parallel to the Burgers vector. The parallel dislocations, therefore, are pure screw-type transformationrelated dislocations. In contrast, the irregularly shaped dislocations did not go out of contrast simultaneously in any of the tested two-beam conditions, as shown in the example of Figure 17(c) . The irregular dislocations, therefore, do not have the same Burgers vector. Their irregular shape is also consistent with the plastic deformation associated with the volume change of the displacive transformation.
D. Internal Friction
The different dislocation configurations in the three transformation products were also compared in a quantitative manner by IF measurements. Figure 18 shows the IF spectra of athermal martensite, the isothermal product, and lower bainite. The IF spectra of the three transformation products were decomposed into the DES peak P3 and the S-K peak P5 to identify the characteristic interstitial-dislocation interactions. The DES peak P3 of athermal martensite, the isothermal product, and lower bainite are positioned at a peak temperature of about 400 K (127°C) and are shown in the enlargement. The amplitudes of the Snoek peak P3 in the three transformation products are similar. The S-K peak P5 of the athermal martensite, however, has a higher amplitude than that of lower bainite. The amplitude of the S-K peak P5 of the isothermal product was between that of athermal martensite and lower bainite. Table I lists the amplitude, peak temperature, Fig. 16-(a) TEM micrographs of the multivariant carbides in athermal martensite and the isothermal product. (b) The bright-field (BF) and dark-field (DF) images of the multivariant cementite in athermal martensite with its diffraction pattern. SADP analysis revealed that the platelets were cementite, which precipitated with a Bagaryatski OR with respect to the matrix. and the activation energies of the DES peaks P3 and S-K peaks P5 in the IF spectra of athermal martensite, the isothermal product, and lower bainite.
E. Retained Austenite
The analysis of the XRD spectrum in Figure 19 revealed that 3 vol pct of the retained austenite was present in lower bainite and the isothermal product, whereas a negligible amount of the retained austenite was present in athermal martensite. The C concentration in the retained austenite in lower bainite and the isothermal product was about 1 mass pct. This C content is high enough to stabilize the small islands of retained austenite at room temperature. The XRD results indicate that the C diffused to the residual austenite during the bainitic transformation and during the isothermal transformation below the M s temperature.
F. Dislocation Density Determination
The dislocation density of the three transformation products was obtained by analyzing a peak broadening parameter DK of the peaks in the XRD spectrum using the modified Williamson-Hall approach: [46] [47] [48] 
where DK is a measure of the degree of peak broadening, b is the Burgers vector, A is a constant equal to 10 for a wide range of dislocation distributions, and K is the diffraction vector, i.e.,
: The terms C and d represent the dislocation contrast factor and grain size, respectively. It has been shown that the average dislocation contrast factor in a cubic system is given by [49] C Fig. 18 -IF spectra of athermal martensite, the isothermal product, and lower bainite (top). The DES peak P3 and the S-K peak P5 were analyzed to identify the dislocation-point defect interactions. An enlargement of the DES peak P3 is shown below. [46, 47] Figure 20 is the plot of the modified Williamson-Hall equation for the three transformation products. The dislocation densities of the three products were calculated by means of the value for the slope of the plots and Eq. [5] . The results are summarized in Table II .
The modified Williamson-Hall analysis shows that the three transformation products have a high dislocation density and that the dislocation densities of the three transformation products decrease as the transformation temperature increases. This temperature dependence is due to recovery, which is more likely to occur during transformations at higher temperatures.
The estimated dislocation densities were compared to the IF spectra analysis to identify the interaction between the dislocations and point defects using an approach developed by Schoeck, who used the KoehlerGranato-Lu¨cke string model to analyze the cold work peak. [50, 51] This model is widely accepted to analyze dislocation-related relaxation data. The internal friction peak intensity D is given by
½6
In Eq. [6] , b is a numerical factor in the range of 10 À2 to 10
À1
, K is the dislocation density, and L is the mean free length of the dislocation segments. In Table III , the peak intensities, dislocation densities, and the ratio of the mean free lengths of the edge dislocations and the screw dislocations in the three transformation products are listed. The ratio of the mean free length of the edge dislocations was estimated from the ratio of the DES peak P3, taking the peak amplitude of athermal martensite as the reference value. The edge dislocation density value is reasonable as a considerable amount of mobile edge dislocations is annihilated by the recovery process during the bainitic transformation or by the isothermal transformation below the M s temperature. As a result, the mean free length of the edge dislocation segment is the longest in lower bainite, whereas athermal martensite has the shortest mean free dislocation segment length due to the stronger dislocation-dislocation interactions. The conditions for the isothermal transformation are intermediate between that of athermal martensite and lower bainite.
The mean free lengths of the screw dislocations estimated by the S-K peaks of three transformation products are very similar in spite of a pronounced difference in dislocation density. This is believed to be due to the nature of the screw dislocations. Figure 21 shows a schematic of the process by which the introduction of screw dislocations enables the accommodation of the lattice misfit between the parent austenite and the product ferrite phase, as proposed by Frank. [52] The atomic arrangement in the (011)c plane can be transformed into the atom arrangement in the (111)a plane by introducing a uniform translation (Figures 21(a) and  (b) ). These displacements can be obtained by a set of parallel screw dislocations, lying along the [01-1]c direction at the phase boundary, which moves the [100]c, as shown in Figure 21 (c). There is one screw dislocation every sixth {110}c plane. Knapp and Dehlinger [53] proposed a similar model, shown in Figure 21(d) , to describe the lenticular martensite units surrounded by the parallel screw dislocations connected by short edge dislocation segments at their edges to preserve the dislocation continuity. When parallel screw dislocations with Burgers vector of a/6h011ic form a region at the interface, the interdislocation distance is six layers of {011}c planes. As the martensite unit expands, already existing dislocation loops should expand also and additional dislocation loops should be generated to relieve the high transformation stresses. The screw dislocations in athermal martensite, the isothermal product, and lower bainite, therefore, are transformation dislocations, which accommodate the lattice misfit described previously, and their lengths should be approximately equal. The density of the screw dislocations is expected to be different due to the lower lattice strain and the recovery taking place during the bainitic and isothermal transformations. As a result, the difference in the S-K relaxation strength is mainly attributed to a difference in the density of screw dislocations, whereas the difference in the DES relaxation strength is attributed to both density and mean free lengths of the edge dislocations.
IV. DISCUSSION
The microstructural features of the isothermal transformation product were compared with the same features for athermal martensite and lower bainite. The results are summarized in Table IV . The main features of the isothermal transformation below the M s temperature, the athermal martensitic transformation, and the bainitic transformation are also compared in the schematics shown in Figure 22 .
The isothermal product was found to have characteristics commonly associated with a displacive transformation: lathlike constituent units, a high dislocation density, and a NW OR with respect to the parent austenite. The constituent unit, however, is considerably wider than in athermal martensite and lower bainite. The transformation kinetics study has revealed that the wide laths are formed by the thickening of long athermally formed laths. During the isothermal transformation below M s , long laths are formed across the parent austenite grain. If the quench is interrupted at a temperature in the M s to M f temperature range, the transformation continues by the thickening of these athermally formed long laths, i.e., the lateral advancing of the interface, rather than formation of new laths, as would be the case in athermal martensite. The advance of the interface interacts with the defects in the parent austenite matrix, e.g., the dislocation introduced by the transformation deformation. As a result, the interfaces of the large laths become wavy. If the isothermal transformation below the M s temperature had been a low-temperature continuation of the lower bainitic transformation, the constituent unit would be smaller due to the higher nucleation rate and the mutual impingement of the laths. The constituent units, however, are significantly larger. In addition, the multivariant cementite is observed inside the isothermally transformed laths, as in the case of athermal martensite. The isothermal transformation below the M s temperature, therefore, would seem to share more similarities with the martensitic transformation rather than with the bainitic transformation.
V. CONCLUSIONS
The characteristics of the isothermal product formed below the M s temperature were compared with athermal martensite and lower bainite. The isothermal transformation below the M s temperature was found to have more similarities with the martensitic transformation than with the bainitic transformation. The transformation kinetics study revealed that the isothermal transformation below the M s temperature proceeds by the thickening of long athermally formed laths, i.e., the lateral advancing of the interface, rather than formation of new laths, as in the case of athermal martensite. The advancing interface interacts with the defects in the parent austenite matrix, e.g., the dislocation introduced by the transformation deformation, resulting in the wavy interfaces of the large laths. If the isothermal transformation below the M s temperature had been a low-temperature continuation of the lower bainitic transformation, the constituent unit would be smaller due to the higher nucleation rate and the mutual impingement of the laths. Significantly large laths of the isothermal product, however, were observed by TEM analysis. In addition, multivariant cementite was present only in the laths of athermal martensite and in the large laths of the isothermal product. 
